Dedicated to Professor Müller-Warmuth on the occasion of his 65th birthday After reviewing the basic principles of zero-field NMR spectroscopy at high magnetic fields (ZFHF NMR) as introduced by Robert Tycko, a 2-dimensional extension of this method is described which enhances its sensitivity by at least one order of magnitude. The essential point is a com bination of the original pulse program including sample rotation with a Carr-Purcell pulse se quence during the acquisition time. Experimental results are given for the proton resonance of meta-C6H2D4 dissolved in C6D6 at 245 K.
Introduction
The field of NMR has developed very rapidly dur ing the last thirty years especially due to the invention of techniques that allow a measurement of highly re solved NMR spectra in solids. As is well known, the Hamiltonian H which determines the properties of a spin system can be written as H = Hz + Hd + Hcsa + H} + Hq + Hr{,
where Hz is the Zeeman interaction, including the isotropic chemical shift, between the nucleus and the applied static magnetic field B0. Hd denotes the mag netic dipole interaction, Hcsa the interaction due to chemical shift anisotropy, Hj the indirect electroncoupled nuclear spin interaction (./-coupling), Hq the electric quadrupole interaction which is only present for nuclei with spin I > 1, and Hrf the interaction with an alternating magnetic field, mostly applied in the form of short rf pulses. In nonviscous liquids, Hd, Hcsa and Hq average to zero so that highly-resolved NMR spectra can be ob served containing the valuable information given by the isotropic values of the chemical shift and of the J-coupling. On this basis (fingerprint system) high-resolution nuclear magnetic resonance spectroscopy has become one of the most important tools in analytical Reprint requests to Dr. H. Ernst. chemistry. In the solid state, however, Hd, Hcsa, and Hq are dominant, which leads to such a broadening of the NMR lines that in general the chemical shift of the lines and their splitting due to the J-coupling cannot be observed. To obtain highly resolved NMR spectra in solids, a selective removal of each of the broadening interactions is necessary. Generally, manipulations of spatial or spin variables of the Hamiltonian given in (1) can be performed. The new techniques of solidstate NMR, namely multiple pulse sequences, highpower dipolar decoupling, cross-polarization (CP), magic angle spinning (MAS) of the sample, combined rotation and multiple pulse sequence (CRAMPS), variable angle spinning (VAS), dynamic angle spinning (DAS) and double rotation (DOR) eliminate or at least reduce to a certain degree the influence of Hd, Hcsa, and Hq, thus making possible the observation of one-and two-dimensional highly resolved NMR spec tra in solids [1] [2] [3] .
On the other hand Hd and Hq contain valuable information about the structure of the solid, viz. about intramolecular distances between nuclei (from Hd) and internal electric field gradients (fom Hq). How ever, when the material under study is not a single crystal so that all or many orientations of the local axes are present, the NMR spectra consist of strongly broadened "powder pattern" lines from which quanti tative structure data can be derived only through a lineshape fitting procedure yielding values which are 0932-0784 / 95 / 0400-036 8 $ 06.00 © -Verlag der Zeitschrift für Naturforschung, D-72027 Tübingen not very accurate. In zero field, the coupling can not depend on orientation because of the isotropy of space in the absence of external fields so that zero-field NMR spectra must exhibit sharp, well-resolved lines with splittings that contain the structural information. Therefore, even since the early days of NMR there has been considerable interest in the NMR spectra of solids in the absence of an external magnetic field [4] [5] [6] [7] . Experimentally through the field cycling tech nique [8] zero-field NMR spectra can be observed in those cases where the spin-lattice relaxation time Ti in low field is at least comparable to the time needed to complete a cycle which is typically greater than 100 ms. In contrast, the method introduced by Tycko [9] yields zero-field NMR spectra while maintaining the sample in the high field throughout the experiment (ZFHF NMR). The spectra are acquired by observing high field NMR signals while rapidly rotating the sample and applying specific sequences of resonant rf pulses in synchrony with the sample rotation. There fore there is no limitation by short spin-lattice relax ation times, and moreover the isotopic selectivity of high field NMR is preserved.
In the present paper, an extension of this method is introduced which enhances the sensitivity by at least one order of magnitude. Experimental details of the new method are given and first results are presented for the *H ZFHF NMR spectrum of 4 m% meta-C6H2D4 dissolved in 96 m% C6D6 at 245 K.
Theory of ZFHF NMR

General Principles
The Hamiltonian of the magnetic dipole interaction in the laboratory frame between two spins and / 2 with the same magnetogyric ratio y (homonuclear in teraction) and the internuclear vector r x 2 is given by
Introducing the angles and (p' that specify the direc tion of the intern uclear vector r 12 in the laboratory axis system with the external magnetic field B0 along the z-axis, the second-rank spherical harmonics Y2 m and the second-rank irreducible tensor operators T2 m (for definitions cf. [10] ), (2) may be rewritten as
In high field (yB0 > bl 2) the only part on the right hand side of (3) that contributes to the NMR spectra is the so-called secular term Hd = bU2Y2<0(V,<p')T2<0.
Similar to (3), the Hamiltonian Hc, which includes the isotropic and anisotropic chemical shift, the resonance offset and heteronuclear magnetic dipole interaction as well, can be written as (6) m= -2 denote Wigner's reduced rotation matrices (for definitions cf. [10] ). The Hamiltonian i / rf describing the interaction of the spins with the rf pulses is given in the frame rotating without offset with the Larmor frequency co0 = y B0 by Ht{ = (o1 (t) (Ix sin a + Iy cos a),
where cdt (t) and a denote, as usual, the amplitude and the phase of the rf pulses, respectively. In the inter action representation defined by Hh , it follows for the Hamiltonians of (4) and (5) The essential point of the theory of ZFHF NMR is to find conditions which make zero the average Hamiltonian of the isotropic chemical shift including a possible resonance offset = 0) and the anisotropy of the chemical shift, and therefore also of a heteronuclear magnetic dipole interaction = 0), while the average Hamiltonian of the homonuclear magnetic dipole interaction must be proportional to HY as given by (2) = Öm," /V mx with x as an arbitrary real number and the Kronecker delta < 5m "). Summarized, the following conditions must be ful filled:
In order to simplify the treatment, four useful as sumptions have been made [9] : (i) All pulses appear pairwise where the second rotates the spin in the op posite direction, (ii) One or more pulse pairs form a subcycle of duration Tsubc. These subcycles are re peated with a phase increase of 2n/5 or -2n/5 [11] , (iii) The duration of five subcycles (5 Tsubc) is equal to the period 2n/a>rol of the rotation of the sample. Therefore, we denote the sequence of five subcycles as a rotcycle. (iv) The cycle time Tc consists of N rotation periods of the sample (Tc = 2n N/corot). Under these suppositions (10) simplifies to
Ideal Pulses
It is assumed that the width of the pulses is negligi ble with regard to the lengths of delays between them (^-function approximation), so that a pulse sequence can be described completely by the phase af, rotation angle ßt = a^ twi and pulse delay rf, as shown sche matically in Figure 1 .
Assuming that a subcycle consists of 5 pulse pairs, (14) simplifies to subc s= 1
with ncorolzJ2
x's = <*s-uTO t{xs + Ts+1)/4.
For the special case S = 2 and 6 = 75°, which has been considered by Tycko [9] , two rotcycles are neces sary (N = 2) and two solutions exist in order to fulfill (13) . The first is given by ßi = ß2 = ß, = 0, a2 = a, t x = t 2 = Tsubc/2 and the condition that in the second rotcycle a must be exchanged with -a and moreover that it must be included in additional n pulses. The numerical results are collected in Table 1 . The other solution is to use pulses of different rotation angles: ß i = ß , ß2 = n -ß , ct1 = 0, a2 = a, = t 2 = t subc/2 and the condition that in the second rotcycle a must be exchanged with a + e. For the results see also Table 1 .
For 5 = 4 and 9 = 75° only one rotcycle is neces sary [N = 1). If we choose = r 2 = t 3 = t 4 = Tsubc/4, a first solution is given by = 45.790°, ß2 = 180° -ß1, ß3 = ß x, ßt = ß2, ax = 157.906°, a2 = 198°, a3 = alf a4 = + a2, yielding / = -0.08949. As a second so lution it can be found = 67.283°, ß2 = 180° -ßlt ßi = ßi, ß4 = 02. «i = 102.724, a2 = 198°, a3 = «lt oc4 = otj + a2, yielding f = + 0.11039. N = 1 means that a measurement can be performed after every rota tion period, which enhances the accessible spectral region by a factor 2 compared with the former case (N = 2).
Real Pulses 3. Numerical Simulation
Due to the finite pulse width and the time necessary for switching the phase between two pulses, the idealpulse sequence given in Fig. 1 has to be modified as follows: (i) The width of a pulse with a rotation angle ßi must be set to rwi = tnßi/n where tn denotes the width of a pulse with ß = 180°. (ii) Between two neigh bouring pulses a pause of duration 2 A must be in serted. Therefore, the ideal-pulse sequence of Fig. 1 leads to the pulse sequence shown in Fig. 2 , for which the length of the sequence is also given by the rotation frequency: t 1 + t 2 = Tsubc = 1/5 vrot.
For the above discussed ideal-pulse sequence with ß l = ß, ß2 = n -ß and = 0, a2 = a (second solu tion in Table 1 ), the conditions given by (13) can be fulfilled exactly by optimizing the values a, ß2~ ßi, x J t 2 ^ 1, and ß x + ß2 # n.
Small misadjustments of the pulses give rise to a residual broadening due to heteronuclear magnetic dipole coupling and anisotropy of the chemical shift, which can be removed by changing the sign of the rf phases and applying n pulses for each two rotcycles. The sequence for S = 2 is shown schematically in Fig. 3 , where each rectangle represents one sequence of Figure 2 . Three PC programs were developed (D. Fenzke). The first two allow a calculation of the scaling factor by means of (10) and an optimization of the rotation angles, phases, and distances of pulses for any real ZFHF pulse sequence. The third program can be used to simulate ZFHF NMR spectra for a given structure. As an example, the simulated *H ZFHF NMR spec trum of meta-C6H 2D4 shall be presented. The gyromagnetic ratio of spins 1 and 2 (I = 1/2) shall be de noted as yH, and that of the other spins (7 = 1) as yD. This numbering of the *H nuclei (1,2) must not be confound with the usual numbering in the benzene ring, which yields the positions 1 and 3 for *H in meta-C6H 2D4. The secular parts of the chemical shift anisotropy and of the magnetic dipole interactions were considered under the condition of a fast rotation of the molecule around its C 6 axis. For the Hamilto nians introduced in (4) and (5) r X j = r2j = 0.248 nm (cf. [9] ). The value of the anisotropy of the chemical shift Aa = 5.3 ppm is taken from Ryan et al. [12] . The ZFHF spectrum calculated with these values is shown in Figure 4 . The pulse se quence given in 
Combined ZFHF and Carr-Purcell Pulse Sequence
In the original experiment of Tycko [9] after a prep aration pulse (7r/2) the sequence described in Figs. 2 and 3 is applied n times so that the evolution time of the spin system (tt = n Tc) can be increased in steps of Tc. The cycle time Tc corresponds to 4 rotation peri ods. The acquisition (running time t2) of the NMR signal starts after the last rf pulse. Finally a twodimensional Fourier transformation must be per formed with respect to both the acquisition time t2 and the evolution time fx.
In the present work, a Carr-Purcell [13] pulse se quence with one synchronized n pulse per sample ro tation is applied during the acquisition time t2, and the amplitude of the NMR signal is measured between these pulses (see Figure 5) .
Engelsberg et al. [14] have shown that the NMR spectrum of a homonuclear two-spin system measured by means of a Carr-Purcell pulse sequence consists of the superposition of a Pake doublet and a narrow signal in the centre. The latter is caused by a spin-lock term due to the combined action of Hd and Hc, cf. (4) and (5), under the influence of finite pulse widths. The zero-order Hamiltonian averaged over the cycle time of the Carr-Purcell pulse sequence Hd + Hc{0) con tains only the homonuclear dipolar interaction. How ever, the first-order approximation gives for a finite value of the pulse width tK which has been assumed for simplicity to be much smaller than the pulse distance Acot Hd + Hc^= --------,2(Ilxl 2z + I lzI2x) n (Aco)2 tn + --^i*-(20) 71 In this expression the effects of resonance offset, chem ical shift and heteronuclear magnetic dipole interac tion are included in Aco. The second term in (20) causes the spin lock, which gives the narrow central signal with an intensity proportional to that of the doublet. It is the measurement of this narrow signal which increases the signal-to-noise ratio by more than one order of magnitude compared with the original ZFHF experiment.
Experimental
X H NMR experiments were performed at a reso nance frequency of 300 MHz using a spectrometer Bruker MSL 300 with a modified 7 mm MAS probe. The angle d between the rotor axis and the external magnetic field was adjusted to 0 = 66.0 + 0.1° by means of a laser beam. The latter could be calibrated by the probe axis = 0°) and the magic-angle (02 = 54.74°), which was adjusted by a 81Br MAS NMR experiment with a KBr sample. The Bruker MAS pneumatic control unit was used in combination with a temperature stabilization of the bearing gas nitrogen in order to obtain a rotational frequency of 3000 ± 2 Hz and a measuring temperature of 245 +1 K. Pulse durations and pulse phases were adjusted in channel 5 of the Bruker pulse programmer with a minimum duration of 2.5 ps, which could be increased in steps of 25 ns, and an accuracy of 1 ° for the phases. A vector volt meter HP 8508A was used for the initial calibration of the phases. The applied rotational fre quency of 3 kHz results from the minimum pulse du rations and distances which must be set in one cycle.
Spherical glass containers with an inner and outer diameter of 3 mm and 3.6 mm, respectively (with a capillary on the top of 1.2 mm outer diameter and 5 mm length) were filled with the liquid substances and fused. Their symmetric position in the rotor was fixed by a capsule of the polymer PCTFE. In order to avoid inter-molecular proton-proton dipole interac tion, 4m% meta-C6H 2D4 were dissolved in fully deuterated (99.85%) benzene. The longitudinal relax ation time of the meta-benzene sample is about 20 s at 245 K. The strength of the rf field for a n/2 was ad justed with a water sample at room temperature and corrected at 245 K with an acetone sample. Various pulse sequences [15] [16] [17] were used for the final adjust ment of rf phases, rf field strength, and tuning of the probe. After the adjustment of the optimized values given at the end of Chapter 3, the phase differences n and 7t/2 were set up.
In order to determine the inhomogeneity of the rf field strength B1, a sequence of identical tt/2 pulses was applied and the number n of pulses after which the free induction decreased to 1/e of its initial value was measured. Assuming a Gaussian distribution of the rf field strength Bl in the sample, the standard deviation A c a n be determined by the equation
Measurements with the water sample yielded an inho mogeneity of less than 2%.
The pulse sequence shown in Fig. 5 (details in Figs. 3 and 2 ) was used for the measurement of the meta-benzene. The scaling factor of the homonuclear magnetic dipole interaction is 0.076. Up to 32 cycles were applied and 32 or 64 scans were performed with a repetition time of 30 s. Figure 6 presents the dependence of the spectra on the evolution time t^ = n Tc = n4/vrot for n = 0-15. Each of the 16 spectra (spectrum width 1.5 kHz) was obtained by a Fourier transformation of the CarrPurcell NMR signals (running time t2, see Fig. 5 ). It can be seen in this figure that the variation of the intensity of the doublet (peak distance of 800 Hz) is reflected in the variation of the intensity of the narrow line with a width of only 4 Hz.
Results and Discussion
If this narrow line is used instead of the doublet for the Fourier transformation with respect to the evolu tion time t y, the signal-to-noise ratio increases by a factor of 20. The obtained 2D ZFHF NMR spectrum of meta-benzene is shown in Figure 7 . This spectrum does not contain the central line, which is generally obtained in zero-field spectra, since the spectrum taken after n = 32 was substracted from all other spec tra before the t 1 Fourier transformation. Figure 7 gives a splitting of 173 + 3 Hz in good agreement with the value of 174 Hz obtained by Tycko [9] . Taking into consideration the value of the scaling factor ( / = 0.076) it follows 0.429 + 0.003 nm for the proton-proton distance in meta-C6H2D4.
Only a few experiments were performed since the first presentation of the basic idea [18] and the exper imental verification [19] of the ZFHF NMR spectros copy. All experiments were carried out entirely by Tycko and published in [9] . The difficult experimental set-up and the low signal intensity of a diluted sub stance in a small volume seem to be the reasons for the rare application of this interesting method rather than the availability of suitable samples. With the present paper, the applicability of the method has been im proved regarding both drawbacks, (i) The three PC programs developed allow an optimization of the pulse sequences with respect to the finite pulse length and the pauses between the pulses, (ii) By means of the application of a Carr-Purcell pulse sequence during the acquisition time t2 an enhancement of the sensitiv ity of the method by at least one order of magnitude has been achieved: The spin lock resulting from the combined action of the homonuclear magnetic dipole interaction and chemical shift anisotropy and/or heteronuclear magnetic dipole interaction under the influence of finite pulse lengths gives rise to a narrow signal with an intensity proportional to that of the doublet, which was used for the measurements in the past.
